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I NTRODUCTION
Studies of water relations which concern plants of desert regions have emphasized the adaptations of shrub species which allow tolerance of water stress (see Osmond et al. 1980 The available data suggest that phreatophytic species such as Prosopis avoid water stress in arid regions by tapping water at depth in soils. Prosopis roots have been found at a great depth (52 m) in soils (Phillips 1963) , and stands of Prosopis survive in regions with little to no recorded rainfall by tapping underground water resources (Mooney et al. 1980 ). There is evidence for several phreatophytic species (Olneya tesoth, Cercidium floridum, Acacia greggii) which indicated that only minor water stress (water potential not below -2.0 MPa) develops in desert phreatophytes (Adams and Strain 1968, Szarek and Woodhouse 1978, Monson and Smith 1982) . Rainfall is relatively high for desert regions (350 mm/yr) in these study areas, and only suggestive evidence was presented indicating whether the Olnea and Acacia were growing phreatophytically. In the cases where phreatophytic growth was conclusive for Prosopis, considerable water stress (-4.0 MPa) has been measured in summer months (Mooney et al. 1980 . Therefore, mechanisms of drought tolerance should exist. Because of the lack of intensive water relations information on desert phreatophytes, we believe that such a study on Prosopis could result in an understanding of the mechanisms of drought avoidance and drought tolerance in phreatophytic species.
STUDY SITE
This research was carried out in a mesquite woodland dominated by Prosopis glandulosa in the Sonoran Desert of southern California. Harper's Well, our study site, lies at an elevation of -30 m at the base of the Fish Creek Mountains, 15 km west of the southern tip of the Salton Sea (Fig. 1) . Prosopis glandulosa, a tree or large shrub reaching 5 m in height, accounts for >90% of the vegetation cover. The few other shrubs which are present (Larrea, Atriplex, Allenrofija, Pluchea), account for <4% coverage. Few ephemerals are present. The soils at Harper's Well are classified as a clay loam near the surface with lenses of sand and clay at depth (described in detail in Virginia and Jarrell 1983). There is a permanent, stable groundwater table which varies spatially between depths of 4 and 6 m (Meinzer 1927 Soil matric potential was determined for nine representative surface soil samples (both 0-30, and 30-60 cm depth) by use of a pressure plate apparatus (Gardner 1965). Curves relating soil volumetric water content to potentials as low as -1.5 MPa were constructed. Deep soil samples (0-60 cm above groundwater level) were at or near saturation throughout the year. Soil osmotic potential was estimated from data on field soil water content (neutron probe) and the osmotic potential of soil saturation extracts measured using a vapor pressure osmometer. Surface soil osmotic potential was based on saturation extract data reported by Virginia and Jarrell (1983) and the osmotic potential of deep soil was based on saturation extracts of samples recovered from drilling 10 neutron access tubes. We assumed a linear inverse relationship between soil water content and the osmotic potential of the soil solution. This assumption ignores possible changes in 
RESULTS

Climatic conditions
Seasonal meteorological conditions at Harper's Well during 1980-1981 were characteristic of extreme warm deserts. Air temperature at Brawley increased from December to July reaching a mean maximum of 440C (Fig. 2) , with maximum diurnal temperatures >50? during July and August. Mean minimum temperatures never reached below 0? and there were no individual air temperatures below 0? during the measured diurnal cycles. Leaf temperature was within 10 of air temperature on all diurnal cycles. Soil temperature of surface soil (-1 cm) reached >800 and minimum soil surface temperature was often below air temperature. Soil temperature below -30 cm showed only slight seasonal variability around a mean of 25?. The vapor pressure deficit followed a similar pattern to that of temperature (Fig. 2) (Fig. 2) . In 1980 and 1981, surface soil water content was highest during the winter months (February-April) but the yearly average volumetric content was much lower (8-10%) than that of the deep soil.
The surface soil had higher salinities than deep soil (Virginia and Jarrell 1983) due to limited infiltration and high evaporation rates. Therefore, the osmotic potential in surface soil was lower than that of deep soil throughout the year. Matric potentials for surface soils exceeded -1.5 MPa, the limit of quantification using the pressure plate technique. The summation of osmotic and a minimum matric potential of -1.5 MPa indicates that surface soil water potential decreased below -4.5 MPa in July (Fig. 2) , far lower than the water potential in deep soils (-0.2 MPa). Results from the soil cores indicated that there was a root mat at the surface (above -30 cm depth) and deep roots extending to -4 to -6 m, where they proliferate. Therefore, each portion of the dual rooting system of Prosopis experiences a widely different water potential regime. The seasonal surface soil water potentials plus seasonal meterological data all clearly indicate that June through August constitutes a period of extreme environmental water stress, particularly for the roots in surface soil.
Ph eniology
Diurnal cycles and seasonal water relations characteristics were influenced by both environmental conditions (as described above) and by leaf phenological characteristics. These seasonal trends of leaf production, leaf number, and leaf maturation are shown in Fig. 3 . A majority of leaf production occurred during March and April and a secondary period of leaf production occurred in August on a much smaller scale. Leaves matured rapidly to full leaf area after production and initiated senescence, as defined by chlorosis or leaflet abscission, in September. Senescent leaves then remained on the branches until February and complete abscission did not occur until early March when the new set of leaves was being produced. The majority of leaves on the plants were of one cohort produced during late March to early April. This evenaged cohort of leaves was used exclusively for the water relations studies, and therefore influences of age on water relations were easily controlled. The second cohort of leaves produced in August was clearly identifiable through the morphological characteristics of the leaves. The VPD also increased to a maximum between 1300-1500 on all dates measured, with the difference between dawn and midday VPD largest during July and September. Only small variability in VPD occurred during the February diurnal cycle.
The photosynthetically active radiation (PAR) arriving at the leaf surface is little influenced by cloud cover since such cover is infrequent. Maximum PAR, occurring between 1100-1500, is close to the potential maximum arriving at the earth's surfaces (Nobel 1977) . Piwosopis leaves track the motion of the sun during the morning and early afternoon hours, resulting in higher irradiance impinging on leaf surfaces than would be expected without solar tracking ability .
In general, leaf water potential decreases with increasing environmental water stress brought on by increasing irradiance, temperature, and vapor pressure deficit. Water potential at midday decreased to z-4.0 to -4.5 MPa after which it either increased or remained constant, except for the curve of diurnal water relations in February (Fig. 5) . Minimum leaf water potential was only -2.8 MPa in February. Leaf conductance reaches a maximum early in the day (0800-0900), following which there is a general decline through the rest of the day (Fig. 5) . There is an indication of stomatal closure at midday in the July and the May diur- nal cycles. The magnitude of the midday stomatal closure was variable among individuals; therefore, these cycles of mean leaf conductance mask some of the midday stomatal closure. While this midday stomatal closure is evident in the leaf conductance data, the pattern is not mimicked in the mean leaf water potential data. In fact, previously reported data indicate that the leaf conductance is clearly better associated with the VPD than with water potential until a leaf water potential below -4.0 MPa is reached, at which time stomata close rapidly. The magnitude of secondary diurnal increases in stomatal conductance decreased in accordance with leaf age rather than with changes in diurnal meteorological conditions. Diurnal cycles of transpiration were the product of VPD and conductance. Maximum transpiration occurred later in the day than maximum conductance because the VPD was low in the early morning. The midday depression in stomatal conductance was not reflected by decreasing transpiration (Fig. 5) because the VPD remained high (Fig. 4) .
The interactions between leaf water potential, conductance, VPD, and transpiration are not clear in the mean values because the trees were not precisely in temporal agreement and the magnitude of the various water relations parameters varied between individuals. For this reason a diurnal cycle for one tree in August 1981 is presented in Fig. 6 . As in July 1980, the PAR reaches a maximum by 1100 and remains full until 1500, after which time the light intensity decreases. The VPD increases slowly through the morning hours, reaching a maximum of 8 MPa by 1300. The VPD then remains high, only decreasing slowly following 1700.
Leaf water potential (4,) oscillated over the course of the day. When qp, decreased below -4.0 to -4.5 MPa, it then began to increase again. Two such oscillations occurred during the diurnal cycle. The leaf conductance pattern followed that of leaf water potential. When leaf water potential decreased below -4.0 MPa, stomata began to close, causing an increase in leaf water potential. Although the 1300 leaf water potential approached that of the morning, the resulting conductance at 1500 was much lower than that at 0700. This was the result of higher VPD at midday than at 0700. Also, even though the conductance decreased from 0900-1300, transpiration increased until 1100, and at 1300 a slight decrease occurred. This is likewise the result of increasing VPD. The secondary increase in conductance at 1500 caused a renewed increase in transpiration since the VPD was still high.
Leaf turgor potential was calculated from the measurements of leaf water potential and the pressurevolume relationship for August 1981 (data presented later in the article). Zero turgor is reached at 0800 at the time when stomata begin to close. Turgor potential then increases towards the afternoon (1000 to 1300) when leaf water potential increases as a result of reduced conductance. Thus, turgor potential increases as a result of reduced conductance. Turgor potential comes close to zero again at 1600, following increased conductance. At dusk (1800) turgor is once again renewed in response to the decreasing conductance. Ecology (Schulze et al. 1974 ). In this case, the maximum midday stomatal closure occurs 2 mo before the period of minimum leaf water potential (Fig. 7) and maximum vapor pressure gradient (Fig.   2 ). Leaf age influenced the magnitude of the midday stomatal closure; therefore, young leaves (April-May) respond more rapidly to smaller changes in VPD and leaf water potential, resulting in a greater midday decrease in leaf conductance. The seasonal variability in the midday stomatal closure may be strongly influenced by a variable sensitivity of stomata to changing VPD.
Regressions between VPD and leaf conductance were formulated for each diurnal cycle. These linear regressions were significant (P = .05) and r1 2 values ranged from 0.95 to 0.47. Lower rm values were found during diurnal cycles which contained water potentials below -4.t5 MPa. Such low leaf water potentials were associated with rapid stomatal closure ). The sensitivity of stomata to changes in VPD is best represented by the slope of the regression equations relating leaf conductance to VPD (Fig. 8) . The greatest sensitivity of leaf stomata to VPD occurred during April and May when leaves were young (Fig.  3) . As the leaves aged gradually and became senescent from May to February, stomatal sensitivity to VPD decreased as the slope of the regression increased. The slope became positive following September, after which the r2 of VPD: conductance decreased to below 0.50 (Fig. 8) . The significance of the variable sensitivity of stomata4o VPD will be discussed later.
Seasonal transpiration characteristics are represented as a diurnal sum of water loss per unit leaf area (Fig. 8) . Maximum water loss occurred during July through September when temperature and VPD were maximum. On a per plant basis, this maximum water loss during the summer is magnified because this is also the period of maximum leaf area (Sharifi et al.
1982, 1983, Nilsen et al. 1983).
Other water relations components such as osmotic potential, modulus of elasticity, and turgor potential (see Tyree Soil moisture characteristics at Harper's Well are unusual for desert environments. Surface soil has very low volumetric moisture content (8-10%), while deep soils are at or near saturation most of the year. For this reason, and due to high salinity in the surface soil, the surface soil water potential is low in comparison to deep soil. On the basis of the soil-plant-atmospherecontinuum models of water uptake (Nobel 1977 : 401-408) it seems clear that the large majority of water transpired by these Prosopis trees is derived from ground water. Resistance in the 4-m column of water in tap roots would not compensate for the soil water potential gradient from deep to surface soils. Another indication of the minimal root resistance is the rapidity with which the plant water potential returns to the predawn value after sunset (Fig. 5) .
Drought (ll'oidalnce
The seasonal and diurnal water relations characteristics for Prosopis at Harper's Well indicate mechanisms of both avoidance and tolerance of water stress. Clearly, Prosopis is able to avoid some aspects of water stress by utilizing the deep groundwater. The ability of Prosopis to utilize groundwater was demonstrated in this investigation by the relatively constant seasonal predawn leaf water potential (Fig. 7) . Root mats of Prosopis at Harper's Well were found to occur at 10-100 cm and again at 400-600 cm. Also, the rapid recovery of leaf water potential after sunset to predawn values, indicates large available water resources. Even though these Prosopis predominantly utilized the water in deep soil, their predawn leaf water potential (-1.5 to -2.8 MPa) did not match the water potential of the deep soil (-0.2 MPa). As previously explained, there seems to be minimal stem and root resistance to water flow so that the plants at predawn may become equilibrated with the combined influences of surface and deep soil moisture relationships. In fact, the predawn leaf water potential (-1.5 to -2.8 MPa) appeared to equilibrate with the average value of surface (-3.0 to -4.5+ MPa) and deep (-0.2 MPa) soil water potential. Another investigation of Prosopis water relations in the Atacama Desert (Mooney et al. 1980) indicated that since the plant water potential at night is higher than that of the surface soil, water may flow from deep soil layers and from the plant into surface soils. Although there were similar water potential gradients in this study, the surface soil moisture was so low that increases in soil moisture at night could not be measured. The activity of surface roots, limited to a short period (February-April) by low water potentials the rest of the year, may function predominantly for nutrient accumulation, particularly for nitrogen 
Drought tolerance
Although phreatophytes are generally considered to be drought avoiders and water spenders (Levitt 1980) , these data for Prosopis indicate several mechanisms of drought tolerance. First of all, the phenological development of Prosopis leaves does not suggest any phonological drought avoidance mechanism (Fig. 3) . Maximum leaf area occurs during the hottest and driest part of the year, and leaves which become morphologically senescent remain on the trees until JanuaryFebruary. Both of these temporal leaf characteristics result in maximal water loss of up to 116 Mg tree-' yr-' .
One of the mechanisms of drought tolerance in Prosopis is the observed seasonal variation of stomatal control of water loss. Maximal conductance remained >0.65 cm/s from April through September (Fig. 8) , even though water potential dropped to -4.5 MPa in July. The ability to maintain such a high maximum conductance value during summer months was related to the diurnal cycles of conductance. Maximum con-ductance occurred in the morning (800-1000, Fig. 5 ) when leaf water potential was high and the VPD was low. As VPD increased and leaf water potential decreased, conductance decreased until a leaf water potential reached --4.0 to -4.5 MPa, at which time an equilibrium was reached. Since the water potential and conductance varied among individuals, this maintenance of a specific water potential by stomatal control is best shown on the basis of an example individual (Fig. 6) .
Regressions between mean leaf conductance and other average water relations characteristics resulted in best correlations with VPD. There has been recent evidence that stomatal conductance is well correlated with the VPD in desert and nondesert species (Lange et al. 1969 (Lange et al. , 1971 The relationship between turgor potential, water deficit, and cell elastic modulus (Fig. 10A, B) is critical to understanding the way in which Prosopis adjusts its water relations in response to severe water stress. During June (high water stress) the leaves of Prosopis sopis responds to water stress by adjusting osmotic potential (Fig. 9 ) after leaf maturation, thereby maintaining turgor potential at low leaf water contents.
Some researchers have argued that rapid loss of turgor at relatively low WD may be an adaptation allowing water conservation in times of severe water stress (Monson and Smith 1982) . Rapid loss of turgor would cause stomatal closure and this would result in water conservation. This may be reasonable for shallowrooted evergreen species which have small water resources and large evaporative demand in summer months when major leaf area is maintained. But these species, such as Larrea tridentata, generally have sclerophyllous leaves which maintain turgor to low leaf water contents. Also, maintaining a large leaf area with closed stomata creates considerable problems for the leaf energy budget in environments with high irradiance (Nobel 1977) , and photo-oxidation of photosystems can result. Therefore, water conservation by rapid loss of turgor at high leaf water content would seem to be a disadvantage to water stress in desert plants, especially since growth and photosynthesis are severely curtailed by loss of turgor potential. On the other hand, the ability to maintain turgor at low leaf water content has clear advantages for plants in arid regions, since conductance can be maintained and growth can continue.
Influences of leaf age
Leaf age (and/or development) clearly influences leaf water relations characteristics. The phenology of leaf production in Prosopis (Fig. 3) results in an even-aged cohort of leaves produced in March. After production the leaves mature rapidly, as indicated by leaf specific mass which becomes constant in early April ). The main cohort of leaves then remains mature until early September when the first signs of senescence appear. Juvenile leaves have lower osmotic potentials at full turgor and reach incipient plasmolysis at a lower WD ). This suggests that the seasonal osmotic adjustment (Fig. 9 ) might be a result of leaf maturation, not a response to increasing water stress, from February to July. But leaves mature (based on specific leaf mass and leaf area) by late April (see Fig. 3 and Sharifi et al. 1983 ) while most osmotic adjustment occurs between April and June. Therefore, the major portion of observed seasonal osmotic adjustment is most associated with increasing water stress, not with leaf morphological maturation.
There also seems to be a relationship between leaf conductance and leaf age. First of all, the largest midday depression in leaf conductance occurred during April and May, while the greatest environmental water stress did not occur until June through August. This suggests that stomata are more sensitive to the VPD and leaf water potential during the late spring (AprilMay) and when they are young mature leaves. During April and May turgor potential is lost at a higher water potential and lower WDO, which is one reason why conductance is more sensitive to changes in leaf water potential in April + May as compared to June to September. Furthermore, the regression between VPD and leaf conductance varies with leaf age (Fig. 8) , as plotted in Fig. I1 . As the leaves age (1 mo to 6 mo) the slope of the regressions becomes less steep but remains negative. Therefore, at a VPD of 4.0 KPa in May and July, leaf conductance will be 0. 10 cm/s and 0.60 cm/s, respectively. As drought stress becomes more severe, higher conductances are maintained at lower VPD due to the change in slope of the VPD: conductance regression. Higher leaf conductances (and higher photosynthetic rates) can be maintained in July due to the changing association of VPD with leaf conductance. Following the initiation of senescence (September) the VPD: conductance regressions became positive and had a poorer fit (r2 = 0.47 -0.77). This suggests a fundamental change in stomatal control following early signs of senescence.
The data collected during this investigation indicate that Prosopis by its phreatophytic habit can avoid severe physiological water stress as defined by loss of turgor, severely reduced leaf conductance, or reduced growth. However, this study also indicated that this phreatophytic species has several mechanisms of tolerating drought stress such as seasonally changing stomatal sensitivity to VPD, and seasonal and diurnal osmotic adjustment to maintain turgor potential during severe environmental drought. These mechanisms of avoiding and tolerating water stress are highly adaptive in desert wash envirionments, because they allow relatively high productivity (Salinas and Sanchez 1971, ) in environments with extreme aridity.
